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Abstract 
The nexus between water and energy will become increasingly important to the urban energy systems, for both 
resources’ demands are expected to grow with the increasing population and economic growth. T his paper reviews 
the dependence of energy on water and focuses on two areas of this research field - how does energy depend on water 
and what factors can affect this dependence? Firstly, it reviews the existing literature on energy dependence on water 
in terms of energy type. Secondly, it explores the literature on the influential factors of energy’s dependence on water. 
Thirdly, it summarizes the current research methods. Finally, the main advances and the gaps in the current literature 
are summarized according to previous research. It is particularly important to understand the dependence of energy 
on water through the literature review and the final findings to enable the implementation of more efficient and 
effective infrastructure systems that will conserve more resources. 
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1. Introduction  
Water is used for energy extraction, conversion, transport and power generation (CEC, 2005; Kahrl & 
Roland-Holst, 2008; Mielke & Anadon etc., 2010; Siddiqi & Anadon, 2011). Constraints on water 
availability influence the choice of energy facilities (Mielke & Anadon etc., 2010). As the population 
grows, future energy development will significantly increase water use (Pate & Hightower etc., 2007; 
Healy & Alley  etc., 2015), and major investments are being made to cut the water consumption of energy 
to balance the urban energy systems. In this context, the paper focuses on the dependence of energy on 
water. 
There has been a significant increase in the literature in this area but it rarely considers water use across 
the entire energy spectrum. The main exception to this rule is a December 2006 report to Congress by the 
Department of Energy (DOE, 2006), with additional sources used to increase the coverage of fuel. To th e 
best of the author’s knowledge, no researches have integrated informat ion about resource extract ion, 
processing, and conversion since the report. 
Based on the above statement, research on this area is still sorely lacking, so a literature review of this 
field is highly  relevant. There were 123 related articles in the literature reviewed. Th is paper classifies 
these in terms of energy type, which includes coal, oil, gas, nuclear, solar photovoltaic and wind, b iomass, 
geothermal, thermal power, nuclear power, solar and wind power, biomass and hydraulic power. 
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2. Energy Dependence on Water 
The literature d istribution of the regions is unbalanced. In the US, the nexus between water and energy 
has long been recognized (Gleick, 1994), and the discussion has intensified in recent years (CEC, 2005; 
DOE, 2006;  Pate & Hightower etc., 2007; EPRI, 2008;  NCSL, 2009;  NETL, 2009; Elcock, 2010; Mielke 
& Anadon etc., 2010). In Australia, several university programs focus on it (Marsh, 2009; AUSCEW, 
2010). In MENA, the research has focused mainly on o il (Abderrah, 2001; UNDP, 2006; Wu & Mintz 
etc., 2008; Siddiqi & Anadon etc., 2011), while in Spain and China there has been little related literature 
(Kahrl & Roland-Holst, 2008;  Liang S, 2011; Hardy & Garrido etc., 2012;  Qin  Y & Curmi E etc., 2015), 
let alone in other countries. 
Most of the literature has focused on one specific area of water use in  energy, and only  two  studies 
have considered the world scale (Aldaya & Chapagain etc., 2012; Zhong R & Zhao P, 2014). 
Regarding the literature on certain types of energy, the number relating to coal, oil, gas, nuclear, solar 
photovoltaic and wind, biomass, geothermal, thermal power, nuclear power, solar and wind power, and 
biomass power is 11, 12, 26, 4, 7, 26, 4, 9, 7, 7, 3 respectively. The classification of the degree of energy 
types is too shallow, and their distribution in the existing literature is unbalanced. 
2.1 Primary Energy Sources’ Dependence on Water 
There has been far more research on gas and biomass than the traditional energy resources (coal, oil, 
etc.), and studies on solar, wind and geothermal dependence on water are seriously lacking. Meanwhile, 
the classification degree of energy’s value chain is insufficient. 
2.1.1 Coal’s Dependence on Water 
The global average water footprint o f coal is 0.16 m3/GJ (Hoekstra & Chapagain, 2011), which can be 
divided into min ing (Pate & Hightower etc., 2007; Kahrl & Roland-Holst, 2008; Mielke & Anadon etc., 
2010; Siddiq i & Anadon, 2011; Laurent & Alberto, 2012; Huixian & Zhiwei, 2014), washing and 
transportation (DOE, 2006) and conversion, which can be div ided furtherly into CTL (Marano and 
Ciferno, 2001; DOE, 2006; Cochener, 2007; Mielke & Anadon etc., 2010) and coal chemical (You & Li 
etc., 2014). 
2.1.2 Oil’s Dependence on Water 
The total water demand for traditional oil is 0.1008-0.2592 m3/MWh (Kahrl & Roland-Holst, 2008;  
IEA, 2010; Siddiq i & Anadon, 2011; Laurent & Alberto, 2012;  You & Li etc., 2014), which  can be 
divided into production and refining (Pate & Hightower etc., 2007; Kahrl & Roland-Holst, 2008; Wu & 
Mintz etc., 2009; Siddiq i & Anadon, 2011; Laurent & Alberto, 2012; You & Li etc., 2014). The former 
can be furtherly d ivided into conventional crude oil production (Kahrl & Roland -Holst, 2008; Wu & 
Mintz etc., 2009;  Mielke & Anadon etc., 2010;  Siddiq i & Anadon, 2011; Laurent & Alberto, 2012;  Xi & 
Zhang, 2012; You & Li etc., 2014), oil sands production with upgrading to synthetic crude oil (Canada 
National Energy Board, 2006; Wu & Mintz etc., 2009) and oil shale production (Bart is, 2005; DOE, 
2006). 
2.1.3 Gas’s Dependence on Water 
The average water demand of gas is 0.0252m3/MWh (Kahrl & Roland-Holst, 2008; Siddiqi & Anadon, 
2011; Laurent & Alberto, 2012; Huixian & Zhiwei, 2014), which can be divided into production, 
processing (Gleick, 1994; Marano and Ciferno, 2001; Pate & Hightower etc., 2007) and transport 
(Chesapeake Energy, 2010). Production can be divided into conventional natural gas (U.S. Department of 
Energy, 2006; Mielke & Anadon etc., 2010; Perrone & Murphy etc., 2011), shale gas (Gaudlip & Paugh 
etc., 2002;  DOE, 2006; Galusky, 2007; Bene & Harden, 2007; Paugh, 2008; Satterfield & Mantell etc., 
2008; Office of Fossil Energy and National Energy Technology Laboratory, 2009; Ground Water 
Protection Council and ALL Consulting, 2009; Council, 2009; Jaffe, 2010; Chesapeake Energy, 2010; 
Kargbo & Wilhelm, 2010; Chavez-Rodriguez & Nebra, 2010; Mielke & Anadon etc., 2010; Yuqiang X, 
2010; Hoekstra & Chapagain, 2011; Gao & You, 2015) and coal bed methane (U.S. Geological Survey, 
2000). 
2.1.4 Nuclear Dependence on Water 
Nuclear water consumption can be divided into uranium mining (Gleick, 1994; DOE, 2006; Pate & 
Hightower etc., 2007), uranium processing (Gleick, 1994; DOE, 2006;  Mielke & Anadon etc., 2010), 
except for power generation. 
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2.1.5 Solar Photovoltaic and Wind’s Dependence on Water 
Water consumption for cleaning the CPV system is 4 gal/MWh (Amonix, 2010; SolFocus, 2010). So lar 
buildings have a substantial water footprint (Batlles & Rosiek etc., 2010). Wind power also requires little  
water (DOE, 2006; Mielke & Anadon etc., 2010; Li & Feng etc., 2012; Gold & Webber, 2015). 
2.1.6 Biomass’ Dependence on Water 
Biomass is by far the most water-intensive source of fuel (Puppan, 2002; Fraiture & Giordano, 2007;  
Rajagopal, 2007;  Meijerink, 2008; FAO, 2008; Gerbens-Leenes & Hoekstra etc., 2008; Koh, 2008; Rowe, 
2009; Elcock, 2010), with water consumed to produce feedstock (Berndes, 2002; Puppan, 2002; U.S. 
DOE, 2006;  Gerbens-Leenes & Hoekstra etc., 2008; Meijerink & Langeveld etc.,2008; W u & Mintz etc., 
2009; Ning & Jiang etc., 2009;  DOE, 2009;  Office of Transportation and Air Quality, 2010;  Scown & 
Horvath, 2011; Pacetti & Lombardi etc., 2015) and convert biomass into biofuels (Marano and Ciferno, 
2001; Berndes, 2002; DOE,2006; Cochener, 2007; Berndes, 2008; NING & JIANG etc., 2009; Wu & 
Mintz etc., 2009; Mielke & Anadon etc., 2010;  Office o f Transportation and Air Quality 2010; U.S. 
Bureau of Transportation Statistics, 2010; Hardy & Garrido etc., 2012). 
2.1.7 Geothermal Dependence on Water 
Geothermal water consumption depending on the type of water included (DOE, 2006; Kagel & Bates 
etc., 2007; Jennejohn & Blodgett etc., 2009; Geothermal Technologies Program, 2010).  
2.2 Electricity’s Dependence on Water 
Electricity is generated from the primary  energy sources, and the water consumption varies with  the 
cooling methods (Myhre R, 2002;  Kutscher, 2008; Gao  J J, 2012), power generation approaches and 
regions (Wang F, 2001; Goldstein & Smith, 2002;  Pate & Hightower etc., 2007; Zuo & Liu etc. ,20 08; 
Blackhurst & Hendrickson etc., 2010; Mielke & Anadon, 2010; Fthenakis & Kim, 2010; Li &Xu etc., 
2010; Han M L, 2010; Li & Chien etc., 2011; St illwell & King etc., 2011; Siddiqi & Anadon, 2011; Liu 
& Hejazi etc., 2015). As in Section 1, studies on solar and wind power generation are seriously lacking. 
2.2.1 Thermal Power Generation’s Dependence on Water  
Almost all of the saline water withdrawals, about 60 billion gallons per day and thirty -nine percent of 
all freshwater withdrawals of 134 billion gallons per day are for thermoelectric power plant cooling 
(Hutson, 2004;  Xi & Zhang, 2012). Moreover, the consumption of direct cooling, water cooling and air 
cooling in thermal power plants are different (Fthenakis & Kim, 2010; Gao J J, 2012; Wang F, 2001; Li 
& Xu etc., 2010; Zuo & Liu etc., 2008; Han M L, 2010).  
2.2.2 Nuclear Power Generation’s Dependence on Water  
Nuclear energy consumes the most water of the thermoelectric technologies (Myhre R, 2002; Mielke & 
Anadon etc., 2010; Gao J J, 2012; Xi & Zhang, 2012), and coastal and inland nuclear plants (Qiu & 
Huang, 2011;  McMahon & Price, 2011;  Guo & Li, 2011) consume d ifferent amounts of water. Furtherly, 
constructing nuclear plants consumes a lot of water (Qiu & Huang etc., 2011). 
2.2.3 Solar and Wind Power Generation’s Dependence on Water  
Solar and wind power systems consume almost no water when producing electricity (Pate & Hightower 
etc., 2007; DOE, 2006; DOE, 2008; Mielke & Anadon etc., 2010; Li & Feng, 2012; Gao J J, 2012). 
Moving to technologies like photovoltaics and wind would o ffer the best option for conserving our water 
supply (Fthenakis & Kim, 2010). 
2.2.4 Biomass Power Generation’s Dependence on Water  
Water consumption in biomass power generation varies according to the method employed (Gleick, 
1994), which is during the cultivation process of energy crops (as described in Section 2.1.7) and the 
power generation process (Gao J J, 2012; Martín & Grossmann, 2015).  
3. The Influential Factors Effect on Energy’s Dependence on Water 
The dependence of energy on water can be influenced by third factors, which include climate and 
geography (NRCS, 2008; Wu & Mintz etc., 2009; Koch & Vögele, 2009; Mielke & Anadon etc., 2010; 
Pittock, 2011), technology (Berndes, 2002; Pate & Hightower etc., 2007; IETL, 2009; Wu & Mintz etc., 
2009; Council, 2009; Mielke & Anadon etc., 2010; Liang & Zhang, 2011; McMahon & Price, 2011; Gao 
J J, 2012; Mclellan & Giurco etc., 2015), location and community (Council, 2009; Perrone & Murphy etc., 
2011) according to the literature rev iewed and the effect relations are crossed(Figure 1). Based on the 
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review, the most influential factors of primary energy sources are geography and technology, and the 
latter is also the most influential factor on electricity. 
4. The Current Research Methods Related to Energy’s Dependence on Water 
International research methods on energy’s dependence on water can be divided into qualitative and 
quantifying methods (Figure 2). The Integrated Hybrid Life Cycle Analysis (ISO, 1997;  Crabbe & 
Nolasco-Hipo lito etc., 2001;  Al-W idyan & Al-Shyoukh, 2002; Kalam & Masjuki, 2002;  Sriroth & 
Prasertsan, 2003; Exconde & Jenvanitpanjakul etc., 2003; Supranto, 2003;  Pleanjai & Gheewala etc., 
2007; Fthenakis & Kim, 2010; Guo & Li etc., 2011; Li & Feng etc., 2012; Jeswani & Bu rkinshaw etc., 
2015; Pacetti & Lombardi etc., 2015), Index Method (Wang, 2001), Comparison (Mielke & Anadon etc., 
2010) and Exemplification (Mielke & Anadon etc., 2010; Siddiqi & Anadon, 2011) are the four main 
qualitative methods to describe energy’s dependence on water. Different mathematical models and the 
Calculation of I/O tables are the main quantifying methods for calculating the degree of energy’s 
dependence on water in the production process. Generally, several quantitative methods are combined in 
a single research (Fraiture & Giordano, 2007; Kahrl & Roland-Holst, 2008; Huang & Zhang etc., 2009; 
NING & JIANG etc., 2009; Koch & Vögele, 2009;  Qiu & Huang etc., 2011;  Liang & Zhang, 2011; 
Aldaya & Chapagain etc., 2012; Li & Feng etc., 2012). 
5. The Findings and the Gap in the Current Literature 
The major findings and recommendations of this exercise are summarized as follows. 
1. There has been a significant increase in the available literature on the dependence of energy on water in 
recent years, and energy dependence on water varies with different types of energy. While not taking the 
third factors into account, biomass is the most water consumptive resource of the primary energy sources, 
for irrigation consumes a lot of water. Nuclear power generation consumes the most water, while solar 
and wind power generation the least. Meanwhile, the dependence can be affected by climate, geography, 
technology, location and community. The most influential factors on the primary energy sources are 
geography and technology, and the latter is also the most influential factor on electricity. 
2. Studies of energy’s dependence on water are growing deeper and more scientific. The energy types of 
the research field vary, from the whole energy system to a variety of subclasses of energy, making the 
researches more targeted, while the research methods have evolved from qualitative methods into 
combing qualitative analysis with quantitative analysis, and both kinds of method are becoming 
increasingly mult idisciplinary, making the results of researches more scientific. There will be more 
practical research methods for this research area available in the future. 
3. Various types of energy are involved in the existing literature, but this is still not comprehensive, for 
the classification degree of energy type is insufficiently deep. For example, there has been little research 
on tidal energy and tide power, as well as hydrogen, gasoline and kerosene. Further classifications of 
energy are needed. 
4. The classification degree of the value chain of energy is not enough, and therefore the analysis is 
insufficient. Most researches focus on the water consumption of the whole life cycle of one or several 
kinds of energy, while only  four studies divide the chain  into ext raction, processing, and conversion. The 
researches on the cleaning, transportation and utilization phases are still lacking, so future studies that 
focus on these areas are required. 
5. The d istribution of energy types in the existing literature is unbalanced. There has been far more 
research on biomass, shale gas and electricity than other energy types, while the literature on traditional 
energy only occupies a small proportion. Meanwhile, studies on solar, wind and geothermal dependence 
on water are lacking too. Future studies are needed on these missing fields. 
6. There is a lack of research on a global scale, and the literature distribution across the regions is also 
unbalanced. Researches on energy’s dependence on water are mostly directed against a single country or 
local area, and only two are on a global scale, which can be developed in the near future. Meanwhile, 
most researches focus on US and resource-oriented countries like MENA, while the research on 
developing countries like China is still lacking, which can also be developed in the near future. 
7. Research on the third  factors is also lacking, and the discussion of this area is superficial and limited to 
qualitative rather than quantitative analysis. Under the trend of resource-saving and environment-friendly, 
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climate, environment and technologies of energy saving and emissions reduction are three increasingly 
important factors, in which there will be further research developments. 
8. The studies focus primarily  on US data. In  some instances, the data should be dire ctly applicable 
outside the United States, especially for processing and conversion where the estimates are technology 
driven. Global extrapolation from the US data for resource ext raction is less likely to be accurate as US 
water consumption is a function of both the physical conditions and regulatory requirements, conditions 
and requirements that can vary greatly from one geographical location to the next. 
9. The data of some researches are not accurate enough. In most instances, the range of estimates of water 
consumption for a specific fuel or technology does not represent the true variability. For instance, the 
estimates of water consumed for corn irrigation produced a range reflecting various averages on a 
regional basis. These ranges tend to be incomplete, representing uncertainty around the mean rather than 
true variability. In contrast, the estimates of water consumption for shale gas developments are based on a 
range of observations from wells drilled  in  each of the shale beds where data were available. Meanwhile, 
the full value-chain  water consumption estimates require assumptions about the underlying efficiencies 
associated with processing different fuels and electricity generation. For instance, the DOE report 
assumes that coal-fired steam turbine power p lants have a thermal efficiency of 33%, pulverized coal 
40%, and IGCC 45%.  Caution should be exercised when making comparisons across datasets, especially 
when compounding ranges and averages, and simplifications should be borne in  mind when compa ring 
data across technologies. 
10. Some studies have focused primarily on arriving at a  sensible estimate for average water consumption, 
potentially ignoring the fact that the impact of marg inal water consumption is materially lower or h igher 
than the average. Conversely, other studies did not provide typical average usages, making the direct 
comparison and interpretation of the ranges more difficult. Future studies are needed to be more scientific 
and comprehensive. 
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